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Introduction
It is usually assumed that a relation exists between interbank markets and the behaviour of participants in official refinancing operations. However, notwithstanding the highfrequency evidence provided by Brunetti, Filipo and Harris (2009) for the unsecured interbank market, there is a shortage of direct and conclusive evidence of any well-established relation for the case of ECB operations. 1 Carpenter (2006a, 2006b ) investigate, and find evidence of, an anticipation effect in the federal funds market in the US around target rate announcements and interventions as well as liquidity effects on the last days of maintenance periods, but this is quite a different institutional setting to that of the Euro Area. A lack of conclusive evidence of this relation calls into question the relevance of, what Issing (2006) called, "the prominent role" given to money in identifying risks to price stability and therefore its relevance to monetary policy decision making. Limited information about this relation casts doubt on our current understanding of one of the most important transmission mechanisms through which monetary policy is supposed to operate. We also know too little about how this mechanism was affected by the financial and sovereign debt crises of recent years and the policy responses to them. A better understanding of this relation and how it has changed throughout the crisis is crucial to inform the debate about how best to return to normal operations.
In the pre-crisis period we find that trading activity in the interbank market and outcomes and bidding behaviour in past auctions are capable of explaining a large proportion of the variation in bidding aggressiveness at auctions for certain times within maintenance periods. Likewise, the outcomes of auctions are significant, although not very substantial in economic terms, in explaining variation in post-auction interbank repo market activity and conditions. These findings are consistent with the relation most policy makers seem to assume and this provides a basis for an in-depth analysis of how the relationship changed during the financial crisis. 1 In the case of Brunetti et al (2009 ) the evidence presented is only relevant to a very high frequency interaction between interbank activity and auction outcomes/behaviour during the early stages of the financial crisis. Evidence of the effects of the specific unusual long-term operations conducted by the ECB have been considered by Mancini, Ranaldo and Wrampelmeyer (2013) and they argue that official liquidity provided through very long-term LTRO auctions has no significant effects on interbank activity or rates which they interpret as a type of liquidity trap.
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We also find evidence consistent with a proposed structural relation between ECB auction allotment policy (and auction bidding behaviour) and interbank repo trading activity that can be tested in the crisis period. We make use of a partial vector autoregressive moving average model (VARMA) which includes controls for movements in counterparty risk and collateral quality changes (based on well-known indicators of these developments from CDS spreads and microstructure variables). We find that it is mainly aggressive bidding in auctions that affects the repo market during the pre-Lehman crisis period. Specifically, participants with reduced access to the interbank market were able to take more liquidity from auctions by their aggressive bidding and while this may have improved the allocation of official funding it also had price effects that led to more activity in the post-auction interbank market. There is little evidence that allotment changes eased conditions in this period.
We find a complete absence of a relation between official funding operations and interbank activity in the post-Lehman crisis period. This period is characterized by fixed-rate auctions so we can only assess whether the innovations in allotment quantity have any effects on post-auction interbank activity. It seems likely that allotment innovations have no relevance for interbank activity during this period because most banks are active in only one of the two funding venues. Banks with poor credit quality are likely to be dependent on ECB operations and absent from the interbank market. In contrast, highly rated banks with plentiful high quality collateral, are able to share liquidity with similarly high quality counter-parties in the interbank market at rates that are substantially lower than the fixed rate charged for funding made available through official auctions. So the post-Lehman period seems to be characterized as a dichotomous marketplace with limited cross-effects.
From a policy perspective our analysis points to some potential benefits from a move towards variable rate auctions with flexible allotment. A tailored hybrid of the two auction approaches that have been employed so-far (i.e., variable-rate/fixed-supply and fixedrate/flexible-supply) could be developed if policy makers were able to monitor 'price' and 'quantity' cross-effects that arise after auctions. Our analysis provides some indications of these cross-effects. It shows that the price effects of aggressive bidding were quite strong in the pre-Lehman crisis period and that quantity effects at least have the expected sign (more allotment reducing stresses in the post-auction interbank market). 2 2 The quantity effect is not easy to validate for this period because there was limited flexibility in supply.
2 Overall, our analysis suggests that a return to variable rate auctions with quite generous supply might be worth considering in the transition to more normal funding conditions. This would produce some variation in settlement rates across auction participants in a way that could satisfy the greatest funding needs at a cost that is not too excessive. It could also produce incentives for some banks to re-enter the interbank market and thus might restore links between the two funding sources so that an important monetary policy transmission mechanism could be restored.
Our analysis is made possible by the use of detailed information from the BrokerTec repo trading platform. BrokerTec repo trading activity represents about half of all automated trading activity in repos that use Euro Area sovereign bonds as collateral and about 15% of all repo trading by main Euro Area banks. To conduct the analysis we reconstruct the order books of individual repo markets over a nine year period (2,381 trading days). This involved processing almost 104 million order book records. From these books we derive common measures of liquidity and market quality and we produce statistics concerning how diffuse these conditions are across the various collateral types and across the different terms of repo transactions. However, the main endogenous interbank variable used in the core relationship is trading volume.
This paper contributes to a more general literature concerned with repo markets and in ECB funding operations during the crisis and find that it is affected by the increased individual refinancing motive, the increased attractiveness of the ECB's tender operations due to its collateral framework and banks' bidding more aggressively to avoid being rationed at the marginal rate or completely excluded from supply if the marginal rate turns out to 3 be very high relative to expectations. We show that this behavior reflects deteriorating conditions within the interbank repo market (where banks were previously able to plan their liquidity provision) and it produced a protracted policy response that had further feedback effects within the post-auction interbank repo market.
We begin our analysis by outlining the linkages between interbank repo market activity and the behaviour of participants in official refinancing operations. A structural specification for the relationship is then presented and issues of stationarity and the handling of an irregular seasonality due to the maintenance period are discussed. The broad changes in liquidity conditions that occur in the interbank repo market and the main structural changes in ECB intervention policy before and during the crisis are then discussed. This includes a discussion of the data used in the analysis including variables used to explain structural change in the relationship during the crisis period such as; an index of countryspecific changes in bank CDS spreads, the EURIBOR-OIS spread, sovereign bond CDS spreads and microstructure variables from the interbank market. We then present results and conclude with a discussion of policy implications and proposals for further work.
Interbank Markets, ECB Auctions and Monetary Policy
In normal circumstances the ECB conducts monetary policy by imposing reserve requirements on banks while simultaneously supplying liquidity through refinancing operations (i.e., by auctioning reserves balances in return for collateral in weekly (one-week term) main refinancing operations (MROs) and mid-maintenance-period (3 month term) longerterm refinancing operations (LTROs)). In essence, transfers of reserves among banks enable payments of bank customers to be made more efficiently. The rate of return on reserves is determined by the weighted average rate at which refinancing operations were settled in a previous maintenance period and this normally tracks the ECB's target interest rate very closely. Banks can use interbank transactions to top-up (or share) their reserves and they can also manage their reserves by accessing liquidity made available through the ECB's refinancing operations.
Since reserve requirements must only be met on average (over approximately monthly reserve maintenance periods), banks have a significant degree of flexibility in allowing 4 reserves to temporarily deviate from required levels. 3 This facilitates substitution of the sourcing of liquidity across time as well as across alternative sources. This flexibility, of course, diminishes as the end of each maintenance period approaches and banks usually spread their reserve management unevenly over the maintenance period to guard against breaching their requirements when it is expected to be most expensive. Addressing this maintenance period timing effect is, in our view, worthwhile. It sharpens test statistics so that the causal structure can be better understood. We control for within, and across, maintenance period effects through the use of additive and multiplicative dummy variables.
We also control for much more pronounced seasonal effects at the end of the year.
Even with adequate controls for maintenance period effects there are fundamental challenges involved in assessing how interbank and official funding sources relate to each other.
For example, in the pre-crisis period there was a non-stationary pattern to trading activity in the interbank market while at the same time nearly all aspects of auction outcomes were stationary. We therefore model the relationship between 'repo roll-over' innovations (i.e., the excess or shortfall in new repo transaction value as a percentage of the value of maturing repos) and auction outcomes for this period. Repo roll-over innovations are shown to affect outcomes of auctions and to be related to previous auction outcomes. An event analysis also shows that cumulative roll-over innovations are related to the ECB's interest rate setting from late 2005 to June 2007 with roll-over excesses increasing before interest rate increases and then declining sharply afterward.
The crisis introduced a number of complications to assessing the relationship between interbank and official funding sources due to the frequency and size of structural shocks that occurred. The structural changes are eventually shared by the two funding venues but it is plausible (or very probable) that they originate in the interbank market as idiosyncratic effects. The contrasting time series properties of the two principal endogenous variables does not rule out meaningful interactions but it limits the nature of the causal relation we can uncover empirically. Therefore, for the crisis period we propose a semi-structural model that identifies cross-venue effects that can be identified as primarily due to auction outcomes. 3 Until recently, reserves were required to be 2% of short term liabilities reported two months prior to the beginning of a given reserve maintenance period. In December 2011 this requirement was halved to 1%.
3 Model and Econometric Approach
In the pre-crisis period it is plausible to assert that P auc is a stationary series. This is true when we test the series for stationarity (before the financial crisis) and it is consistent with priors based on the structure of the auction setup. Auctions during this period involved a planned allotment based largely on maturing amounts from previous auctions and this intended allotment was announced to participants in advance of auctions and generally adhered to. While the quantity allotted was approximately fixed, it is also the case that the settlement rate was quite stable. Auction bids appear to have been influenced by a belief that the settlement rate would closely track the targeted interest rate on reserves (a rational belief on the part of banks given the announcement of a credible policy target).
While it is likely that the repo rate prevailing in the interbank market also tracked the intended auction rate, we find that interbank market activity is non-stationary and we therefore examine the roll-over of maturing repos during the pre-crisis period. We analyze the pre-crisis interaction using a modified VAR model.
In contrast to the stability of the deviation of the weighted average settlement rate, P auc , from its target during the pre-crisis period, P auc becomes non-stationary during the crisis (specifically in the crisis period previous to the Lehman collapse). This seems to reflect the increasing willingness of the ECB to adjust the settlement rate as well as the allotment quantity in response to the persistent innovations in the aggressiveness of bidding behaviour by banks that found themselves locked out of the interbank market.
In this regime there are potentially multiple stochastic trends in the P auc series (i.e., the accumulated effects of shocks to the liquidity needs of banks excluded from the interbank market, changes in beliefs about how closely the auction settlement rate would adhere to the target interest rate and innovations in the ECB's auction policy stance). Trivially, in the post-Lehman period the ECB introduced fixed-rate full-allotment auctions so that P auc is fixed in this period. Quantity allotted becomes of interest in this period and we model it as a cause of (and function of) interbank activity.
Q repo is non-stationary in all the periods we study but there are probably different reasons for this depending on the regime. There are two competing stories for this nonstationarity in the pre-crisis period. One concerns developments in the repo market while the other involves loose monetary policy. Innovations in the network efficiencies of the 6 market as well as innovations in drivers of repo activity related to macroeconomic and financial developments could certainly matter for the efficiency with which any stock of reserves can be leveraged. There is ample anecdotal evidence that random innovations in the efficiency of securities lending facilitated permanent changes in repo-related leveraged speculation and shorting. Efficiency gains in the trading of repos and in the underlying collateral used in repos can also be attributed to the introduction of electronic trading platforms and better settlement mechanisms. Occasionally there were also innovations in how counterparty risk was managed through margin mechanisms. 4 All of these developments seem plausible explanations for the non-stationarity of activity. However, during this period (after the dot-com crash and up-until November 2005) there was a persistently low official interest rate, with limited inflation concerns, and this loose policy stance may have contributed to a weakening of the intended constraints on interbank activity and a growing disconnect between auction outcomes and interbank activity. 5 With auction allotment becoming an ever smaller proportion of growing interbank activity it is tempting to regard monetary policy operational levers as progressively less Repo volume is non-stationary during the crisis period for quite different reasons (being constantly affected by crisis events and the policy responses). These effects include shocks to collateral quality, collateral and liquidity hoarding, shocks to counterparty risk and to uncertainty about where such risks were located. In addition, it is plausible that ECB auction policy (including innovations in the repo rate, auction term and allotment amounts) 4 In addition to these structural changes, other potential sources of non-stationarity arise from using the trading activity from a single trading platform because of movements of activity across venues and between unsecured and secured activity. This adds to the need for an analysis of repo roll-over activity in order to reveal the higher frequency relationship more precisely.
5 There may also be some significance in the fact that the role of money was de-emphasized by the ECB in its May 2003 statement on monetary policy strategy after which we observe a general rise in repo market activiy (see, Berger, de Haan and Sturm 2011 for a discussion and analysis of this change).
and changes in the aggressiveness of bidding in auctions, affected the amount of interbank trading that was required to achieve reserve requirements. And since banks were restructuring their balance sheets, there were continual structural changes in the required level of reserves. Clearly, some aspects of the crisis-related stochastic trends become common to auction outcomes and interbank market activity, but some remain idiosyncratic to the interbank market (including extraordinary liquidity assistance, ELA, and banks' balance sheet shrinkage exercises). This structure motivates a structural model that contributes to improved interpretation of a VARMA empirical model.
Pre-Crisis VAR Model
Granger causality is typically assessed by applying a vector auto regression to the jointly observed series and then by the application of block-exogeneity tests. We adopt this modeling approach for the pre-crisis relationship between interbank trading volume (or roll-over) and the excess weighted average settlement rate obtained in auctions. However, a VAR structure is not straightforward to apply in this case because there is likely to be a significant difference in effects that occur within a maintenance period (MP) and those that cross-over from one maintenance period to the next. MP-seasonality is also very irregular so that autoregressive coefficients would relate to variable timings within previous maintenance periods (within the pre-crisis sample there are maintenance periods with as few as three MRO auctions while others have six). In addition, auctions are not occurring simultaneously with interbank activity (they occur at the end of a period of interbank sharing of liquidity). So information is lost in a standard VAR setup if only lags are included on the RHS. We therefore employ a modified VAR approach in which there is a separation between the within-and cross-MP effects.
The modified near-VAR model that we use for the pre-crisis period is as follows (where 
In this near-VAR the d i are vectors of {0, 1} dummy variables with the following meanings:
LAST t = 1 if the auction at the end of period 't' is the last of the maintenance period.
EOY t = 1 if the auction at 't' is around the end of the year (specifically, one of the first or last two auctions of the year).
-EOY A = 1 for the last two auctions of the year.
-EOY B = 1 for the first two auctions of the year. LT R = 1 if the auction in period 't' is an LTRO auction.
LT RL = 1 if the auction in period 't-L' is an LTRO auction. This allows for a different relationship when MRO auction outcomes are being related to LTRO outcomes 'L' periods previous.
The dummy variable vectors are as follows (with no need for an "ACROSS" maintenance period dummy in the contemporaneous case);
Modeling the conditional variance in a fully specified maximum likelihood estimation of this model initially seemed worthwhile but we found no statistical support for the presence of ARCH effects once turn-of-year seasonality was controlled for.
9
The a i,jk are row vectors. The case of a 1,jk d 1 is therefore as follows;
a 1 ,21 
There are enough observations in the pre-crisis period to estimate this expanded model so long as the number of lags remains small. We only consider models with three autoregressive lags. Note that most of the dummy variables have to be tailored for each specific lag (so, for example, the "within" dummy will include fewer cases as the lag length increases). 7 We test exogeneity restrictions in the usual way by testing the joint significance of groups of parameters (we start by restricting the 'across' parameters to be zero before moving to test exclusion of the 'within' parameters).
In addition to causality analysis, we use the residuals from the above model to assess the effects of interest rate changes (these are all positive innovations in the targeted interest rate in the two years preceding the crisis). 8 The unexpected auction outcomes and roll-over of interbank repos in the five operations before and after an interest rate move are accumulated to assess the effect of these moves. This allows us to ascertain whether monetary policy has the expected effects on collateralized short-term credit creation. A contractionary policy should lead to less repo roll-over and perhaps increased bidding aggressiveness at official auctions. We find that the interest rate rises did cause a contraction in repo roll-over and this prompts discussion of the likely cause of the rise in repo volume during the early precrisis period. While it is plausible to suggest that repo volume rose because of improvements in repo trading network efficiencies (and collateral lending), these improvements continued into the late pre-crisis period and were still easily counteracted by interest rate increases. It 7 For the case of the AR(1) parameters, for example, an interactive dummy variable is multiplied by the RHS variables that are subscripted with t − 1 which is 1 in period t if the auction in period t is not the first auction of the maintenance period and zero otherwise. An orthogonal dummy is included to capture the case where the auction in period t is the first auction and this is also multiplied by the variables subscripted with t − 1. Similarly, for any q > 0 there will be an interactive dummy (and its orthogonal counterpart) multiplied by the AR(q) parameter which is 1 if the auction at time t occurs later than the q th auction of the maintenance period and zero otherwise. There is obviously no need for 'WITHIN', 'ACROSS' and 'LTRL' in the case of d1 because variables are being compared within the same period in this case. 8 There were eight ECB interest rate increases between November 2005 and May 2007.
seems that technology was facilitating the response of repo volume to loose policy earlier in the sample rather than overwhelming policy effectiveness. Turn-of-year effects also deserve some discussion because of the results arising from the above VAR analysis.
Crisis-Period Modeling
A VAR approach could be used in the crisis period but this is not ideal when a parsimonious model is required (there are less than 100 observations in the pre-Lehman crisis period). It is also useful to articulate a structural model that can be identified with fewer parameters as well as to help with interpretation of the kinds of behaviours that are being displayed during the crisis period. We therefore outline an empirical strategy (which is approximately a VARMA representation) that is directly based on a plausible structural interpretation of the interactions between repo market crisis effects and auction policy (and auction bidding behaviour) responses. We ignore interactive MP-seasonality in the crisis period since it requires too many coefficients given the number of observations (and these effects are probably swamped by more powerful crisis-related confounding effects).
In this respect, it is worthwhile considering in some depth how observed and unobserved effects can be identified in an empirical representation of auction and repo market behaviours and shocks. We observe the outcomes from auctions (specifically, allotment innovations and bidding aggressiveness in the form of a larger spread between the weighted average settlement rate and the policy target) and from interbank activity (i.e., the extent of the sharing of liquidity and collateral through trading) as well as variables indicating changes in counterparty quality, risk aversion, hoarding of liquidity and collateral, and changes in collateral quality (i.e., bank and sovereign CDS spreads and microstructure variables such as bid-ask spread and depth of the limit order book from the repo market). However, the auction and interbank variables are jointly determined and have a complex dynamic relation with each other. The history of past innovations in auction allotment, bidding behaviour and interbank market dislocations are accumulated such that each observed variable is a mixture of effects. The settlement rate and trading activity are endogeneous but we assume that, for the frequency of our analysis, the previously observed CDS spreads and the microstructure indicators can be considered as exogenous. to a partial VARMA specification that is an alternative to the VAR empirical approach and enables a more direct and tractable assessment of auction effects on interbank market activity under the constraints just described. It is also restrictive enough to avoid identification issues often associated with generalized VARMA modeling.
We assume that auction allotment policy (or changes in the distribution of auction allotment caused by aggressive bidding behaviour) eventually reacts to crisis effects that first appear in the interbank market and we aim to measure how auction effects contribute to stabilizing the interbank market. Cumulative auction allotment changes (and cumulative changes in the proportion of funding allotted to aggressive bidders) can be represented by a common random walk component that appears in auction and interbank market variables. This component will have a different sign in auction and interbank market equations (since the cumulative accommodation provided by auction outcomes will substitute for interbank activity). Cumulative crisis amelioration due to other effects (e.g., direct state funding through ELA or asset and liability shrinkage exercises by banks) gives rise to another random walk component in interbank market activity. This can be considered as idiosyncratic to that market in the sense that, the innovations to this random walk only affect auction variables temporarily.
An additional effect is a 'price effect' due to the pricing of funding at auctions. If funding becomes excessively expensive at auctions it will prompt more interbank activity because this is relatively cheaper. The effects of more aggressive bidding in auctions is therefore ambiguous (even controlling for the quantity allotted). On the one hand, more aggressive bidding will give rise to better allocation of funding to banks that are most shut-off from repo market supply and this should reduce the need for repo trading activity.
On the other hand, aggressive bidding will raise the cost of funding and cause banks with access to the interbank repo market to go there instead.
The behavior just described can be captured by the following structural model, where
we explicitly include the contemporaneous repo market activity variable in the auction equation (with y = P auc or Q auc , x = Q repo while {W t , Z t } are unobserved non-stationary components); 9
Auction equation:
Common random walk:
The inclusion of (x t − b 0 − Z t−1 ) = ±b 1 W t−1 + η t + ζ t and (a 1 + a 2 )(ζ t + η t ) in the auction equation implies that feedback from the interbank random walk process is only transitory (achieved by subtracting the lagged level of the idiosyncratic random walk component). This is consistent with the proposition that there are non-stationary effects in 9 The time subscripts on all auction variables are to be understood as indicating the end of a set of non-auction days {t}. All interbank variables are averaged over the days between auction events (these non-auction sets usually contain five days but occasionally there are fewer than five when LTRO auctions occur between MRO auctions).
13 the interbank market that are not caused by auction policy or behaviour (e.g., ELA and asset and liability shrinkage exercises conducted by banks). The structural arrangement is therefore a mechanism to force identification of an idiosyncratic random walk in the interbank equation. The term (a 1 + a 2 )(ζ t + η t ) is included because applying the same parameter, −a 1 , to all components of x t is overly restrictive.
The random walk in the auction equation W t is assumed to have a common effect (with ambiguous sign) across the two funding venues. This can be motivated by the argument that non-stationary auction allotment policy responses (and changes in distribution of auction liquidity due to more aggressive bidding by banks excluded from the interbank market) produce a price and quantity effect that could counteract each other. More or less funding, or better allocation of auction funding, substitutes for the need to have interbank repo trading activity, but the relative pricing of liquidity from auctions could counteract this effect. Furthermore, W t has the property of affecting y t contemporaneously and with a lag through its effect on interbank activity (it can be shown that this re-entry of the auction effect implies that the auction equation contains a more general random walk with innovations that are perfectly negatively related with a common stationary component).
The model also implies a common transitory component η t which enters with opposite sign in the two equations. As mentioned, Z t is a random walk component that is idiosyncratic to the interbank market and it has innovations that only temporarily affect auction outcomes because they are eventually substituted with an auction allotment response or permanent change in the distribution of auction funding due to bidding aggressiveness by certain banks.
If Z t−1 was observable we could subtract it directly from the auction equation and the model would be fully identified and a separation of the policy contribution to the interbank market could be measured. Since Z t−1 is a permanent component it could be estimated by calculating the long run effect of idiosyncratic random walk shocks in the interbank equation as described in Beveridge and Nelson(1982) . However, this also requires that W t−1 is identified in the interbank equation. Since this is not directly possible we consider a different approach to identifying the components. Differencing the terms in both equations results in the following model (where we use dot notation to indicate a differenced variable or, more specifically, either the percentage roll-over relative to maturing repos or the excess or shortfall in allotment relative to amounts from maturing operations).
Further simplification results in the following;
One useful outcome from these manipulations is that it shows that the auction equation
can be estimated with an MA(1) error process e t + φe
We note that ω t is a prominent component of this error process but unfortunately there is a mixture of structural innovations in this term, including those from the interbank relation. The interbank market equation can also be represented as an MA (1) and it would be useful if a measure of ω t−1 was available to include separately in this equation.
We therefore consider whether the error e t−1 from the auction equation, which is likely to be highly correlated with ω t−1 , could be used to good effect in the repo market equation when it is combined with other variables that capture developments in the interbank market.
Suppose we have variables, denoted h t , that capture innovations in banks' counterparty risk, changes in collateral quality and/or other measures of changes in the efficiency with which interbank borrowing and lending can be achieved. These variables are likely to be correlated with ζ t and η t and uncorrelated with ω. These variables could therefore be used to control for interbank idiosyncratic effects in the following empirical model;
Auction difference equation:ẏ t = −â 1ẋt + e t + φe t−1
Interbank difference equation:ẋ t = ±b 1 e t−1 +b 2 h t + v t + πv t−1 . The steps of this empirical strategy can be summarized as follows;
1. RegressQ auc (and do the same forṖ auc in the Variable Rate Auction crisis period) onQ repo and include MA terms.
2. Collect the lagged residuals from this (or each of these) model(s).
3. RegressQ repo on the lagged collected residuals and include MA terms.
4. Test the significance of the added residuals. This is potential evidence of the presence of an auction effect. The sign of this effect will reveal whether price or quantity effects are stronger (it seems more likely that there would be a negative parameter on the quantity equation residuals).
5. Test the joint significance of any included MA terms. If these are significant this is interpreted as evidence of the presence of endogenous effects in the added residuals.
6. Add controls for changes in counterparty risk, collateral quality and interbank market microstructure indicators to the regression of step 3.
7. Test for significance of the added controls. Significance signifies that endogeneity has been controlled for (although this, on its own, is not sufficient for such a conclusion).
8. Test for significance of the MA terms. If MA terms become insignificant when the controls are added this provides further evidence that endogeneity has been almost surely controlled for.
9. Re-test for significance of the added residuals. If they remain significant while controls are significant and MA terms are insignificant then this is interpreted as strong evidence of an auction effect.
In the case of the first crisis period both the settlement rate, P auc , and the quantity allotted, Q auc , are relevant indicators of auction policy and behaviour. We therefore run these two regressions separately and we use the lagged residuals from both auction regressions in the interbank regression. In this way we can ascertain whether increased overall allotment quantity or the more targeted allocation of auction funding due to bidding aggressiveness was most important in affecting the interbank market. In the second crisis period (when fixed-rate full allotment applies) we revert to just one auction regression which concerns auction allotment, Q auc .
We estimate the above model using various candidates for the set {h t }, such as indexes of country-specific bank CDS spreads (specifically log(CDS)), sovereign debt CDS spreads, the Euribor-OIS spread and microstructure variables from the interbank market such as innovations in bid-ask spreads and changes in market depth. In the second crisis period there is less reliable data for CDS spreads and we therefore rely on repo market microstructure variables alone. policy was not implemented, the demonstration of policy resolve had a persistent calming effect on markets and reduced sovereign yield spreads through the end of our sample period.
ECB
It is also possible that the acceptance of poorer quality collateral in ECB operations led to improved quality of collateral among a smaller group of relatively high-quality banks within the interbank market. These effects are difficult to untangle and since we only have access to interbank repos based on sovereign collateral we concentrate on CDS spreads (sovereign and banking sector) as the main harbingers of counterparty and collateral quality developments and we leave more detailed collateral analysis for future work.
The auction data used in our analysis is available on the ECB's website. There are a range of auction outcomes that are reported soon after auctions take place. The most relevant variables for our analysis relate to the settlement rate and the quantity allotted.
Many of the other auction variables are correlated with these (e.g., unsatisfied demand and number of bidding banks). We therefore focus on the rate and/or quantity outcomes from auctions depending on the sample studied.
The Auction Settlement Rate
There are two settlement rates that are reported after auctions. One is the marginal rate and the other is the weighted average rate. The marginal rate is the lowest rate at which auction allocation is exhausted. The weighted average rate is the weighted sum of all the bid rates at which allocations are made where weights are the proportion of total allocation that is made at each bid rate. These two price outcomes are positively correlated but the weighted average rate tends to be more variable and, in our view, contains more information about the aggressiveness of bidding in auctions. We therefore use the weighted average rate as the basis for the auction rate variable in our regression analysis. Since this rate is non-stationary in the first crisis period, we transform it by taking the percentage change in the weighted average rate relative to the rate charged by the ECB on its marginal lending facility (this closely tracks the ECB target rate but it is usually around 1 whole percentage point above the target rate). Figure 1 shows a plot of the excess weighted average settlement rate and its change relative to the lending rate.
The deviation of the weighted average settlement rate from the ECB's target marginal rate widens at points of acute stress during the early part of the crisis and is at its maximum around the Lehman event. This is indicative of the level of banks' aversion to liquidity shortfalls and also of the reluctance of the ECB to provide funding in excess of what was planned. It is known that during the variable rate auction phase of the crisis, some participants were more desperate to ensure allocation at auctions and submitted bids at much higher rates than the target marginal rate (this is described in Drehmann et al.,
2009). 13 
Auction Supply & Outstanding Liquidity
In normal times, the amount allotted through ECB auctions is very similar to the amount maturing from a previous auction. However, during the pre-Lehman crisis period there was a degree of flexibility in allotment quantity and this is of interest in our analysis. Also, during the post-Lehman period there was a fixed rate and a completely variable allotment quantity. We therefore construct an auction supply shock variable that is based on the difference between allotment and the amount maturing from a similar previous auction (i.e., a percentage excess relative to amounts maturing). These level and innovations series are shown in Figure 2 .
In the pre-crisis period, refinancing operations of the ECB were very stable with around Figure 3 . The introduction of the 3 year operations was a major break with normal operations in terms of supply. These increases were to a significant extent matched by increases in the amounts deposited with the ECB. This indicates a precautionary motive for accessing ECB liquidity at the longer term operations in order to fund possible future demand shocks.
Euro-Area Interbank Repo Markets & Repo Data
The 
Interbank Repo Market Data
Our analysis is based on the volume of repos traded on the BrokerTec Inter-Dealer Trading Platform using Euro Area sovereign collateral. We use the daily average of volume over the days between auctions. Activity on BrokerTec's repo trading platform in sovereign backed repos largely reflects a similar pattern to the ICMA survey of all Euro Area repo volume over time. 15 We estimate that BrokerTec accounts for up to 17% of all trading in Figure 5 . This behaves like a first difference of the total volume traded but this construct avoids introducing complex moving average dynamics due to variation in the maturity of the previous day's trades. To make this data transformation it is necessary to track the maturing trades from the past. Fortunately, the trade-by-trade data supplied by ICAP includes the term of contracts so this transformation of the data is possible with limited error. To account for the fact that some trades that mature early in the sample are not observable because they were contracted before the start of our sample, we use the first six months of the sample to generate the first data point used in the analysis. We use a comprehensive set of sovereign repo contracts in our analysis. The data supplied by ICAP covers a wide range of specific and general repo contracts associated with collateral issued 16 The combined volume of repo activity conducted on BrokerTec and MTS is available at http://www.
repofundsrate.com/.
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by almost all Euro Area sovereigns and for various terms to maturity. A relatively large proportion of all activity on BrokerTec is associated with repo contracts that use named collateral but these are done at rates that differ only slightly from general collateral rates and we therefore include them in our analysis.
The depth and spread control variables used in the regression analysis below are based on the series displayed in Figure 6 and Figure 7 . These variables were measured for each individual market by repo collateral and term. The daily time weighted averages of individual contracts were averaged across the contracts associated with country-specific collateral to get the relevant country measure.
Sovereign and Bank CDS Data
The CDS spread variables were obtained from a Bloomberg source of Markit data. All available bank-specific CDS contracts, for the main banks within each country included in our analysis, that insures credit default on senior bonds at a 5 year maturity were collected at the end of each trading day. CDS premiums on sovereign bonds of 5 year maturity were similarly collated. Country-level bank CDS indexes were calculated as a simple average of the bank-specific CDS premiums. We take the daily average of the log change in the various CDS premiums/indexes for the days between auctions. Tables 1(a) There are interesting differences between the 'within' and 'across' maintenance period effects. 17 In most cases, the within maintenance period AR coefficient is larger and more statistically significant than the effect involving cross-over into the previous maintenance period. There does not appear to be significant accentuation of the autoregression for the last auction (indeed there is a negative sign on the own-autocorrelation of the auction variable for the last auction).
Empirical Results and Interpretation of Results

Results: Pre-Crisis VAR
The positive own-autocorrelation in the auction equation displayed in Table 1 (a), denoted as a i,11 for the 'within' and 'across' period effects, is very significant as would be expected from a persistent auction policy. There is a switch in sign of this auto-correlation at the end of the year. The relation between the excess auction rate and interbank repo roll-over volume is captured by the a i,12 parameters. The first of these is a contemporaneous effect and it is very significant and negative. This is consistent with our priors that interbank activity is, to some degree, a substitute for auction participation (or for aggressive bidding in auctions). However, the cross-effect has a different sign for the last auction (which is also statistically significant). The lagged within-period cross-effect from the repo market to auction outcomes are statistically insignificant.
The interbank equation displayed in Table 1 17 We do not attempt an interpretation of the constants since these are really combinations of mean effects in both equations but it is clear that there is a large turn-of-year effect.
the repo market equation produced a Chi-Squared(18) = 41.444 with a p-value of less than 0.010 and this also implies causality from auctions to repo activity. The test for exclusion of the cross-effects in the repo equation that are relating to a previous maintenance period (a 2,21,2 , a 3,21,2 and a 4,21,2 ) produces a Chi-Squared(3) = 3.108 with p-value 0.375. Again, this implies that cross-equation effects do not traverse maintenance periods.
Interest rate events
The residuals from the VAR represent the unexpected outcomes of the dependent variables of the VAR. We use these to construct a Cumulative Average Abnormal Response (CAAR)
analysis around the eight interest rate moves that took place from Nov 2005 to June 2007.
We show the results of the CAAR analysis in Figure 8 . They indicate that there is a rise in cumulative roll-over of repos in the period preceding these events on average of about 4%.
There is a significant downturn in activity after the event (one that more-than-reverses the average pre-event increase). There is a very slight effect in the weighted average auction rates which also seems to be consistent with banks forward filling their needs in the auctions before the interest rate increases.
We ran alternative VAR regressions that included microstructure developments in the repo market to see if the cumulative effect of the event was in some way related to market structure developments. The outcome was robust to these inclusions; we regard this as tentative evidence that the effect was entirely due to the interest rate effect. Table 2 contains combined auction regression results for the first and second phases of the financial crisis. The Crisis I period ends just before the Lehman event and the Crisis II sample begins with the introduction of fixed rate full allotment auction (which was soon after the Lehman event). Regressions (1) to (3) concern the weighted average settlement rate as the dependent variable. The goodness of fit,R 2 , is 13% for regression (2) which was the model that we selected as a source of residuals for the supplementary regression.
Results: Crisis Periods
The main result of interest here is the significant negative coefficient on recent repo market average daily volume. A higher than normal volume is associated with reduced aggressiveness of bidding in the auction that follows. This is consistent with the assertion that good sharing of liquidity within the repo market reduces the urgency by rationed banks to obtain funding at auctions. Other notable aspects of the first three regressions include a strong turn-of-year effect and a residual that does not have a significant MA(1) coefficient as would have been consistent with our structural model. By reference to equation (3) above we see that this implies an insignificant shared transitory component in the structural model. We note that this does not rule out an MA(1) structure for the supplementary regression and there remains a role for the lagged residual from the auction regression in the supplementary regression.
Regressions (4) to (6) concern the excess auction allotment relative to maturing amounts from a previous similar auction as the dependent variable. The goodness of fit,R 2 , is roughly 47% in these cases. The test of exclusions does not support a move from regression (4) to (6) and we selected regression (5) as a source of residuals for the supplementary regression (the results of the supplementary regression are not sensitive to this selection).
There is a negative coefficient on recent repo market average daily volume in these regressions but the coefficient estimate is never statistically significant. If the ECB wants to avoid a divergence in the marginal settlement rate from the intended policy rate then we would expect allotment to increase if aggressive bidding in the auctions becomes widespread among participating banks. If aggressive bidding is widespread, the originally intended allotment quantity will be used up before the marginal rate declines to the policy target. On this basis we would expect a positive relationship between aggressive bidding (the weighted average settlement rate) and the allotment innovations. We would also therefore expect a negative coefficient on the allotment innovations and repo market trading activity. The sign of the coefficient on repo volume in regressions (4) to (6) is negative as expected but insignificant.
Regressions (4) to (6) also include a large and significant turn-of-year effect and an end-of-maintenance period effect (the Last dummy variable allows a different level effect in the last operation of the maintenance period). The coefficient on the dummy variable indicating that the previous operation was an LTRO auction, (LT RO t−1 ), is also significantly negative. This could be indicative of a substitution effect between these types of operation. Finally, the residual in regression (4) has a significant MA(1) process which is consistent with a shared transitory component in the structural model but it becomes insignificant in the restricted models.
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The last three regression results presented in Table 2 concern the second crisis period.
In this case there is only an allotment variable to consider (since the settlement rate is fixed). An immediately obvious difference between these regression results and those for the Crisis I period concerns the decline in the goodness of fit measure to less than 5%.
There is clearly a diminished ongoing relationship between the two funding venues for this period. There remains a significant end-of-maintenance period effect but the effect from previous LTROs is opposite in sign to what was found for the Crisis I period. More importantly, there is no relationship between auction allotment and average daily repo market activity until a second lag of average daily repo activity is included and this effect is positive rather than negative as would be expected if the venues are substitutes for each other.
We now consider the regression results for the supplementary regressions tabulated in Table 3 . These regression results also cover the crisis period and the main question is whether the residuals from the relevant regressions in Table 2 make any contribution to explaining average daily repo market activity in the days after auctions (in the case of the Crisis I period we include residuals from both the settlement rate regression, Resid :
, and the allotment regression, Resid :Q auc t−1 ). We also expect a reduction in the auto-correlation of the error term in the repo activity regression when the various control variables are included.
The first three regressions in Table 3 involve the use of control variables based on the change in the log of CDS spreads for sovereign bonds and for simple CDS indexes of the main banks within a number of periphery countries and for Germany. These CDS spreads become unreliable in the second crisis period and for this reason we compare results for both periods using repo market microstructure variables (spread and depth measures) as controls in regressions (4) to (9) . In unrestricted regressions (and in restricted regressions where it remains significant) we also include the Euribor-OIS spread.
In the Crisis I period there is ample evidence for a link between repo market activity and auction behaviour. All of the Crisis I regressions have goodness of fit measures in excess of 40%. There are quite a number of the controls that are significant in both sets of models but coefficient signs are not easily interpreted, which probably reflects the fact that many of these are correlated with each other. 18 It is interesting that the control variables 18 We conducted the analysis using the principal components of the controls and this produced similar with most statistical significance from the two different groups are associated with almost the same set of countries (Germany, Italy and Portugal feature prominently).
We turn now to a discussion of the cross-effects from auction outcomes. Firstly, the residuals from the auction allotment equation always have a negative sign (even in the Crisis II period). However, these coefficients are not statistically significant at conventionally acceptable levels. This therefore gives meta-support for the expected effect but otherwise very weak evidence of a benign substitution effect flowing from auctions to the post-auction repo market.
The price effect in all six of the Crisis I regressions is highly significant (i.e., significant at better than 99% level of confidence). However, the price effect is also positive. This indicates that the price effect from aggressive bidding in auctions outweighs any benign distributional effects associated with funding going disproportionally to the most needy banks.
The results for the second crisis period shows a complete lack of any relationship between interbank market activity and auction allotment. We regard the results for the second crisis period as indicative of a separation in the type of participants in the two funding venues. The repo market has high quality counterparties dealing with each other at repo rates below the fixed rate that is available from ECB auctions. In contrast, participants in auctions are most likely to be those that are unable to access the interbank market either because they have insufficient high quality collateral or because they are known to be be highly risky counter parties.
Conclusion
This paper examines the relationship between secured interbank lending activity in the Euro Area using sovereign bonds as collateral and the outcomes of the ECB's liquidity providing operations. The analysis considers the pre-crisis period and then two different auction regimes within the crisis sample. In the pre-crisis sample a VAR approach is used to uncover the causal linkages between the two funding sources with allowances made for different types of seasonality. A structural model is proposed for the crisis period and results more parsimoniously (results are available from the authors on request).
this gives rise to a modified-VMA representation and a sequential empirical methodology that is capable of identifying how auctions matter for interbank activity when the interbank market is affected by changes in the quality of counterparties and by collateral and liquidity hoarding shocks.
The analysis of the pre-crisis period indicates that outcomes of official funding operations have direct effects on interbank repo market activity. Seasonality is a significant feature of the relationship. The effects of outcomes of operations in the pre-crisis period are statistically significant but not very large. It seems likely that the amount of official funding provided (and its terms) did not act as a binding constraint on the use of short term funding for most of the pre-crisis period following the bursting of the dot-com bubble.
There was a significant growth in repo market activity (that is likely to be, to some ex- The analysis of the crisis period shows that access to official funding can work in different ways to ameliorate the effects of the contraction of the sharing of liquidity in the repo market. Firstly, it is possible that aggressive bidding in auctions, by those banks with the fewest opportunities for interbank funding, may produce a better allocation of funding to where it is most needed (i.e., the aggressive bidders take a disproportionate amount of the funding on offer). This could also encourage banks with better interbank access to favour interbank funding due to the weighted average price rise, the price-effect, or simply because such under-bidding banks are more likely to be left without allocations if the marginal rate is allowed to rise. More directly, since there were some changes in the amount allotted in auctions even before full-allotment was introduced, this could have directly affected the amount of sharing of liquidity that was required in the interbank market. However, our analysis shows that the price effects from aggressive bidding led to increased post-auction activity and this implies that the price effect was greater than either the allocation effects or from the quantity effect due to increased overall allotment (although we find the correct sign on the quantity effect). The post-Lehman period (when fixed-rate full-allotment was introduced) seems to be consistent with an over-provision of liquidity and a reduced (insignificant) interaction between the two funding sources. We interpret this as evidence of a separation of the market into 'good' and 'bad' banks with the latter dependent on official funding and the former prepared to transact in the interbank market at a repo rate that is significantly below the fixed rate available in auctions.
Overall, the analysis of the pre-Lehman crisis period points to a trade-off between quantity and price effects that could be harnessed by policy makers when returning to more normal variable-rate operations. We have found that the price-effects from aggressive bidding in variable rate auctions drives some banks back to private sharing of funding and this could be viewed as a good development. However, this could also lead to too large a separation of the auction rate from the intended policy rate and this would be undesirable from the point of view of monetary policy transmission. Therefore, to avoid extreme weighted average settlement rates in auctions, allotment quantity could be varied (initially increased) to attenuate extreme aggressive bidding. Our analysis gives some indication that increased allotment quantity would subdue interbank market stresses during the transition.
Over time, a schedule of progressively declining allotment quantities could be announced to allow banks to prepare for the planned adjustment. As the analysis above shows, the price and quantity effects from such auctions on repo market activity can be monitored and measured and therefore allotment quantity could be adjusted towards an optimal level as required. 
